A controversial issue is whether therapeutic doses, which are 325 to 1,000 mg every 6 hours according to the manufacturer's instructions, can cause liver injury in vulnerable patients ("therapeutic misadventure"). 3, 5 Based on the known mechanisms of toxicity, which includes the formation of a reactive metabolite by cytochrome P450 enzymes and its detoxification by glutathione (GSH), 6 several risk factors are being considered. This includes use of drugs and herbal preparations that induce cytochrome P450 enzymes and enhance oxidative metabolism, malnutrition that lowers hepatic GSH levels and limits the defense against reactive metabolite formation, or genetic deficiency of phase II drug metabolizing enzymes. 7, 8 Although these risk factors need to be considered when taking APAP, there is limited evidence that this is actually a wide-spread problem. 9 A more controversial issue is alcohol use. Acute alcohol ingestion directly competes with the oxidative metabolism of APAP and actually inhibits its toxicity. 10 On the other hand, chronic alcohol consumption can induce Cyp2E1 enzyme activities and enhance the risk of APAP toxicity. 11 However, clinical studies exposing chronic alcoholics to maximal therapeutic doses of APAP for one or several days did not result in any evidence of liver injury or liver dysfunction. 12, 13 Thus, there is limited evidence that therapeutic doses of APAP ( 4 g/day) can cause liver injury. However, these risk factors can lower the threshold when an overdose is causing liver injury and potentially worsen the outcome.
Early mechanistic investigations, which identified reactive metabolite formation and the defense of hepatic GSH, 14 led to the rapid introduction of N-acetylcysteine (NAC) as an antidote against APAP poisoning in the late 1970s. 15 Despite substantial progress in understanding the mechanism of toxicity in animal models and their verification of these mechanisms in humans, 16 NAC is still the only clinically approved antidote. Although NAC can be very effective, especially when given very early after the overdose, there are also concerns of the limited efficacy in latepresenting patients 17 or even adverse effects with prolonged treatment. 18 Therefore, more detailed investigations are needed to better understand the mechanisms of cell death and recovery to identify relevant therapeutic targets that limit the injury and prevent ALF. This review will discuss established and controversial mechanisms and highlight recent efforts of translating the findings to the human pathophysiology and to the development of new drugs.
Acetaminophen Metabolism
Acetaminophen is rapidly absorbed from the intestine and transported to the liver, where it is mainly conjugated with glucuronic acid by the UDP-glucuronosyltransferase (UGT) 1A subfamily enzymes or sulfated by sulfotransferase enzymes at therapeutic doses, followed by excretion in the urine. 6 While the sulfation reactions can be saturated at relatively low doses, 19 glucuronidation reactions generally have a higher capacity and are apparently not saturated even after a severe overdose. 20 However, several genetic polymorphisms in the UGT enzymes can affect APAP metabolism, where the UGT 1A polymorphism c.2042C > G (rs8330) was associated with increased human liver APAP glucuronidation, increased UGT1A exon 5a/5b splice variant mRNA ratio, and decreased risk of unintentional APAP-induced ALF. 21 The UGT2B15 Ã 2 polymorphism was shown to influence APAP pharmacokinetics in both African Americans and European Americans. 22 Neonates with the UGT1A9 T 10 polymorphism, indicating insertion of an additional thymidine nucleotide, had a 42% reduction in clearance to APAP glucuronide as compared with their wild-type counterparts. 23 Other factors could also influence glucuronidation, and miR-375 was identified as a novel repressor of UGT1A-mediated hepatic APAP glucuronidation through reduced aryl hydrocarbon receptor (AhR) expression, which could predispose some individuals to increased risk for APAP-induced ALF. 24 Polymorphisms in sulfotransferases have also been shown to influence APAP metabolism. 25 Even at therapeutic doses, a minor amount of APAP undergoes metabolism by the cytochrome P450 system, especially Cyp2E1 and Cyp1A2, producing the reactive metabolite N-acetyl-p-benzoquinone imine (NAPQI). 6 This is generally not harmful, as NAPQI is efficiently scavenged by the abundant hepatic glutathione stores and excreted through bile. However, the situation is very different with an overdose of APAP, when the sulfation pathway is saturated. 6 The excessive levels of APAP result in increased NAPQI formation, in spite of the fact that the glucuronidation pathway is not saturated. 20 The elevated levels of highly reactive NAPQI deplete hepatic glutathione content and react with protein sulfhydryl groups, forming NAPQI-protein adducts. 26 Recent evidence from in vitro experiments indicates that NAPQI can bind to and inhibit glutathione synthetase, catalyzing an essential step of glutathione synthesis. 27 If this also occurs in vivo, it would have significant consequences, as inhibition of GSH synthesis by NAPQI would severely compromise detoxification of this reactive metabolite. However, given the efficacy of NAC to protect against an APAP overdose by stimulating GSH synthesis, the relevance of this effect may be limited. Protein adducts can form even at therapeutic doses 6, 26, 28 indicating that extensive depletion of glutathione is not a prerequisite for adducts formation. Hence, currently available data seem to indicate that protein adducts formation per se does not always result in APAP-induced liver injury. This is illustrated by the effect of N-acetyl-meta-aminophenol (AMAP), which is an analog of APAP and was shown to be nontoxic in mice 29 and primary mouse hepatocytes. 30 Interestingly, it was found that while both AMAP and APAP produced similar levels of total protein adducts, APAP produced significant mitochondrial adducts, while AMAP adducts were predominantly in other organelles. 29, 31 This implies that mitochondrial APAP-protein adducts are critical for liver injury, which was reiterated in more recent studies, which show that AMAP can actually be toxic in human liver slices 32 as well as in isolated human hepatocytes due to formation of mitochondrial protein adducts and mitochondrial dysfunction, 33 an effect absent in the mouse. 29 
Mitochondrial Oxidative/Nitrosative Stress in APAP Hepatotoxicity
Formation of mitochondrial APAP-protein adducts is now recognized to be a critical requirement for induction of downstream signaling events ultimately resulting in APAPinduced hepatocyte necrosis. Though several early studies interrogated the mitochondrial proteome to identify critical protein modifications responsible for downstream events, and found modifications on several of them, no single candidate functionally responsible for subsequent cell death could be identified. 34 It is thus possible that rather than being modification of specific proteins, it could be a threshold of protein adducts within mitochondria that induce mitochondrial dysfunction and the cascade of subsequent cell signaling. A major consequence of APAP-induced mitochondrial protein adduct formation is enhanced generation of oxygen-free radicals, such as superoxide, 35 inhibition of state 3 respiration, and decrease in the respiratory control ratio. 36 The importance of this in mediating APAP-induced hepatotoxicity is illustrated by the protection provided by a mitochondrial targeted superoxide dismutase mimetic, Mito-TEMPO, 37 as well as increased injury seen in partial manganese SOD-deficient animals. 38, 39 APAP-induced superoxide production within mitochondria can be influenced by several factors such as local oxygen tension, which is typically much lower within the liver than the 21% oxygen in room air. 40 This influences APAP-induced superoxide production, since primary mouse hepatocytes cultured at 10% oxygen produced lower amounts of superoxide and had lower cell death in response to APAP when compared with cells cultured at room air (21% oxygen). 35 APAP was also shown to obstruct formation of mitochondrial respiratory super complexes by elevating the mitochondrial negative regulator MCJ, which could then enhance reactive oxygen species (ROS) formation. 41 Superoxide produced within mitochondria can react with nitric oxide to form peroxynitrite, which is highly reactive and can modify and modulate protein function. 42 Peroxynitrite-derived radicals lead to the intermediate formation of tyrosyl radicals (Tyr • ) on proteins, which then reacts at near diffusion-controlled rates with • NO 2 to yield a stable final product, 3-nitrotyrosine on proteins, which interferes with protein function. 42 Examination of 3-nitrotyrosine staining on liver sections after APAP overdose with 300 mg/kg in mice revealed significant elevations within liver mitochondria within an hour. 43 3-Nitrotyrosine adducts were also visible in hepatocytes and sinusoidal endothelial cells at later time points. 44, 45 Mitochondrial generation of peroxynitrite seems to be critical for all downstream signaling events. 43 It is, however, interesting to note that considering the 10-to 20 µM concentrations of superoxide dismutase in mitochondria and the sub-micromolar levels of nitric oxide under normal conditions, it is surprising that peroxynitrite formation can occur in the face of overwhelming abundance of SOD, which would dismutate superoxide before it has a chance to react with nitric oxide. 42 But constitutive generation of peroxynitrite does occur, and the key to this is the rate constant for the reaction of super-oxide with nitric oxide to yield peroxynitrite. 42 This is one order of magnitude higher than that of SOD-catalyzed superoxide dismutation and upon sustained overactivation of nitric oxide synthase (NOS), NO will approach or exceed micromolar levels and will more efficiently compete with SOD, resulting in more significant fluxes of peroxynitrite. 42 Thus, it is evident that elevations in peroxynitrite seen after APAP have to be accompanied by upregulation of NOS. Of the three main NOS isoforms, formation of peroxynitrite in the context of APAP overdose is independent of inducible NOS (iNOS) in vivo. 45, 46 Though mice deficient in endothelial NOS (eNOS) have been shown to have lower APAP-induced liver injury when compared with wild-type animals, 47 the most prominent isoform of NOS involved in APAP hepatotoxicity seems to be neuronal NOS (nNOS). Direct pharmacological inhibition, 48 or interference with calcium induction of nNOS, 49 protected against APAP-induced cell death in primary mouse hepatocytes. These effects also seem to be relevant in vivo, since nNOS knockout mice were protected from APAP-induced liver injury. 50 While nNOS has been identified in hepatocytes, 51 it is unclear if it is localized to liver mitochondria. 52 However, since NO can partition rapidly into lipid membranes, 53 and hepatocytes have abundant mitochondria, it is plausible that upregulation of nNOS could elevate NO levels within mitochondria to levels that out-compete SOD for superoxide and form peroxynitrite. It is also interesting to note that in addition to damage to mitochondrial DNA in vivo, 43 APAP-induced peroxynitrite formation also nitrated manganese SOD and inhibited its activity. 54 This would then set the stage for amplification of peroxynitrite generation, which is a critical event influencing various downstream cell-signaling events. This is evident in the protection offered against APAP-induced liver injury by scavenging peroxynitrite with early glutathione supplementation; 55 delayed GSH treatment, which also enhances regeneration; 55, 56 and preventing peroxynitrite formation by enhanced dismutation of superoxide 37 or reduced formation of superoxide by inhibiting complex I. 57
Amplification of Mitochondrial Dysfunction and Downstream Signaling
An important amplification step subsequent to APAPinduced mitochondrial oxidative/nitrosative stress is activation of the c-jun N-terminal kinase (JNK) in the cytosol, which translocates to mitochondria, inducing mitochondrial dysfunction. 46, 58 Activation of JNK is a multistep process, involving several mediators such as the apoptosis signalregulating kinase 1 (ASK1), which is localized in both cytoplasm and mitochondria where it binds to cytosolic (Trx1) and mitochondrial thioredoxin (Trx2), respectively. 59 APAPinduced mitochondrial oxidative/nitrosative stress results in oxidation of thioredoxin within mitochondria, 60 along with inhibition of both cytosolic TrxR1 and mitochondrial TrxR2 activity. 61 This causes detachment of thioredoxin from its binding partner ASK1, and activated ASK1 then phosphorylates JNK in the cytosol. The role of ASK1 in this process is evidenced by the protection against APAP-induced JNK activation in mice treated with a small molecular inhibitor of ASK1 or mice deficient in ASK1. 62, 63 Another kinase implicated in JNK activation is the mixed-lineage kinase 3 (MLK3), which is also activated by oxidant stress during APAP hepatotoxicity in vivo. 64 While it has been suggested that MLK3 is responsible for the early JNK activation with its activation prevented in MLK3 knockout mice, the protection was lost at higher (> 5 mM) doses of APAP in vitro and it is unclear if protection would be sustained beyond 6 hours in vivo. 64 MLK3 can phosphorylate and activate JNK through MKK4, a MAPK2 kinase. 65 More recently, unc-51 like autophagy activating kinase (ULK1/2) was identified as another upstream kinase that contributes to JNK activation through phosphorylation of MKK4/7. 66 Activation of JNK occurs early after APAP overdose, with a dose of 300 mg/kg resulting in JNK activation within 1 hour in the cytosol. 62 In addition, glycogen synthase kinase-3β (GSK-3β), a major regulator of glycogen synthase, has also been implicated in JNK activation after APAP. Translocation of cytosolic GSK-3β to the mitochondria has been demonstrated early after APAP overdose and silencing GSK-3β attenuated APAP-induced JNK activation and liver injury in vivo. 67 Interestingly, GSK-3β inhibition also enhanced regeneration after APAP-induced liver injury. 68 This early JNK activation has far reaching consequences, initiated by translocation of activated JNK from the cytosol to the mitochondria. 58 In addition, activated JNK can also phosphorylate 14-3-3, a cytoplasmic anchor of Bax, resulting in Bax translocation to the mitochondria. 69 This also occurs early after APAP overdose, on a similar time-scale as JNK translocation. 70, 71 Monomers of Bax have been shown to require the mitochondrial outer membrane receptor TOM22 for insertion into the mitochondrial outer membrane, and once integrated, mitochondrial Bax acts as a receptor for cytosolic Bax. 72 Phospho-JNK on the other hand binds to the outer mitochondrial membrane protein Sab, 73 which releases the protein tyrosine phosphatase nonreceptor type 6 (SHP1) from Sab and ultimately decreases mitochondrial respiration. 74 Mitochondrial Sab seems to be required for sustained JNK activation up to 4 hours after APAP, since cytosolic activation tapered off by 1 hour and mitochondrial translocation was completely blocked in Sab-deficient mice treated with APAP. 73 Translocation of JNK and Bax to the mitochondria seems to have complementary consequences, where the JNK translocation compromises mitochondrial respiration and amplifies the oxidant stress and nitrosative stress, while Bax does not seem to influence mitochondrial oxygen-free radical and peroxynitrite formation, 70 but is probably necessary for the subsequent induction of the mitochondrial permeability transition detailed later. Interestingly, mitochondrial targeted interventions such as the SOD mimetic Mito-TEMPO or the antidiabetic drug metformin did not alter APAPinduced activation of JNK or its translocation to the mitochondria, but prevented mitochondrial dysfunction and amplification of the injury. 37, 57 This indicates that JNK translocation to mitochondria amplifies the oxidative/nitrosative stress, which subsequently results in mitochondrial dysfunction. It should be noted, however, that the JNK-induced effect on mitochondria is concentration dependent, with lower doses of APAP (150 mg/kg) in mice causing transient activation of JNK, with reversible mitochondrial permeability transition pore opening. 75 In addition to the APAP-induced translocation to mitochondria of the various proteins listed earlier, the organelle also takes up cellular iron from lysosomes. 76 While lysosomal iron release may be due, in part, to lysosomal instability seen after APAP overdose, 77 iron uptake into mitochondria after APAP overdose is mediated by the calcium uniporter. 78 
Consequences of APAP-Induced Mitochondrial Protein Translocation
The translocation of GSK-3β, JNK, Bax, and iron into the mitochondria has catastrophic consequences for mitochondrial function, with an amplification of oxidative and nitrosative stress, as well as loss of mitochondrial membrane potential and induction of the mitochondrial membrane permeability transition (MPT). While the MPT has been recognized to alter mitochondrial inner membrane permeability, resulting in the collapse of the membrane potential and the release of calcium and smaller metabolites below a 1.5-kDa threshold, it is the subsequent rupture of the outer membrane, which releases proteins such as cytochrome c and compromises mitochondrial function. 79 Though various putative components of the MPT pore have been identified over the years, the complete molecular characterization of the pore is still incomplete since controversy exists on the relevance of the various identified components in different tissue types and disease contexts. 79 One of the unambiguous regulatory components of the pore, however, is cyclophilin D, which has been shown to prevent pore opening in several different contexts. 80 The importance of the MPT to APAPinduced hepatotoxicity is hence evident by the modulation of cell death in cyclophilin D-deficient mice subjected to an APAP overdose. 81 While inhibition of cyclophilin D provided partial protection against APAP-induced cell death in vitro, 82 interestingly, cyclophilin D-deficient mice were only protected against a moderate overdose of 200 mg/kg APAP, 81 with no protection at higher doses of 600 mg/kg. 83 Additionally, it was also shown that a dose of 150 mg/kg APAP resulted in transient JNK activation and reversible MPT in mice, while a 300 mg/kg dose produced sustained JNK activation and irreversible MPT opening and loss of mitochondrial membrane potential. 75 These effects suggest that induction of the MPT can be titrated by the dose of APAP, with irreversible mitochondrial damage only occurring if subsequent outer membrane rupture takes place. This can be facilitated by Bax translocation, which along with Bak can form pores on the outer mitochondrial membrane subsequent to the MPT. 84 However, mice deficient in Bax, though protected initially, succumbed to APAP-induced liver injury at later time points, 70 implicating additional, as yet, unidentified players mediating this final outer membrane rupture. Irrespective of the upstream mechanisms, irreversible induction of the MPT and rupture of the mitochondrial outer membrane results in release of several mitochondrial proteins into the cytosol. While the release of some, such as cytochrome c, compromises mitochondrial respiration and prevent recovery of mitochondrial function, others such as endonuclease G and apoptosis-inducing factor (AIF) have further signaling roles to play. 85, 86 Once released from mitochondria, these proteins translocate into the nucleus by virtue of their nuclear localizing signal, 87 and induce cleavage of nuclear DNA, resulting in DNA fragmentation and cellular necrosis (►Fig. 1). 85, 86 While a significant focus of study had been the role of the mitochondria in mediating cellular necrosis after APAP overdose, it is now becoming evident that the organelle also plays important roles in recovery after APAP overdose. Autophagy is a well-characterized cellular process involved in turnover of senescent and damaged cellular components and it was recognized that autophagy plays a relevant role in APAPinduced liver injury. Defective mitochondria are also removed by a similar process, dubbed mitophagy, and are also seen after APAP overdose. 88, 89 Inhibition of mitophagy was found to exacerbate APAP-induced hepatotoxicity, 88, 90 illustrating its importance in facilitating liver recovery and regeneration subsequent to APAP-induced liver injury. In addition to this, recent evidence also indicates that induction of mitochondrial biogenesis is an important component of liver recovery after APAP overdose and delayed enhancement of mitochondrial biogenesis provided protection against late injury after APAP. 91 Thus, mitochondria are central to the pathophysiology of APAP-induced hepatotoxicity, from being a target for NAPQI-protein adducts to being a platform for integration of signaling from MAP kinases and nitric oxide as well as cellular iron. Recent evidence is uncovering the effect of APAP concentration on titrating the nuanced induction of the MPT as well as the role of mitochondrial biogenesis and mitophagy in recovery and regeneration after APAP Fig. 1 Acetaminophen (APAP)-induced cell necrosis. APAP metabolism through the cytochrome P450 enzyme results in generation of the reactive metabolite NAPQI, which forms adducts on mitochondrial proteins. The subsequent oxidative/nitrosative stress activates ASK1, which, along with MLKL3 phosphorylates and activates JNK. P-JNK then releases Bax from its cytosolic tether 12-3-3 and both proteins along with GSK3β translocate to mitochondria. JNK binds to Sab on the outer mitochondrial membrane and initiates signaling which compromises mitochondrial electron transport and amplifies the oxidative stress as well as generation of peroxynitrite. These changes induce the activation of the mitochondrial permeability transition pore (MPT) transiently at lower APAP concentrations, and permanently at higher APAP levels. MPT activation, along with formation of Bax pores on the outer membrane, results in release of mitochondrial proteins such as endonuclease G, cytochrome c, and apoptosis inducing factor (AIF) into the cytosol. Endonuclease G and AIF translocate to nucleus and induce nuclear DNA fragmentation and subsequent cell necrosis.
overdose, which, from the clinical perspective, is very relevant to patient prognosis.
In addition to mitochondrial defects, induction of the ER stress response also occurs during APAP overdose 92 and this was exacerbated in transgenic mice expressing the hepatitis C virus structural proteins core, E1 and E2. 60 Induction of ER stress could be a consequence of the APAP reactive metabolite, since arylating quinones were shown to induce endoplasmic reticulum (ER) stress by activating the pancreatic ER kinase (PERK) signaling pathway including elF2α, ATF4, and C/EBP homologous protein (CHOP). 93 Constitutive expression of the mammalian stress sensor IRE1a, which plays a role in ER stress, was shown to result in degradation of Cyp1a2 and Cyp2e1 mRNA as well as protection against APAP-induced hepatotoxicity, 94 and recent studies indicate that inactivation of Sirtuin2 protects mice from APAPinduced liver injury, by alleviation of ER stress and phosphorylation of the p70 ribosomal S6 kinase 1 (S6K1). 95 However, mice deficient in CHOP were not significantly protected against APAP hepatotoxicity, unless APAP was administered by gavage, 92 suggesting that while ER stress is induced after APAP overdose, it may not be playing a central role in the signaling cascade of injury. Another factor which has been implicated in mediating APAP-induced liver injury is the tumor-suppressor p53, which has been suggested to play a protective role in APAP-induced liver injury through inhibiting JNK activation 96 and by regulation of drug-metabolizing enzymes and transporter expression. 97 Recent evidence also indicates that p53 plays a pleotropic role after APAP overdose, preventing progression of liver injury by maintenance of metabolic homeostasis as well as initiation of liver regeneration through proliferative signaling. 98 
Apoptosis and Programmed Necrosis
Although early studies only considered APAP-induced injury as necrosis, the interest in intracellular signaling mechanisms of cell death led to suggestions that both apoptosis 99 and necroptosis 100 might be involved. However, apoptotic cell death is characterized by distinguishable morphological characteristics including cell shrinkage, chromatin condensation and margination, and formation of apoptotic bodies. In addition, a specific biochemical feature of apoptosis is the activation of caspases as indicated by the cleavage of the proenzymes and the increased respective enzyme activities. Importantly, highly effective pan-caspase inhibitors protect against apoptotic cell death in models of TNF-or Fas-induced apoptosis. 101, 102 However, none of these morphological features of apoptosis are present in APAP-induced liver injury. 103 Instead, there is cell and organelle swelling, cell contents release, and inflammation, all characteristics of necrosis. 103 Furthermore, no relevant caspase processing and increase in enzyme activities can be observed during APAP hepatotoxicity and pan-caspase inhibitors do not protect when proper solvent control are being used. [103] [104] [105] Thus, apoptosis is quantitatively not a relevant mode of cell death during APAP-induced liver injury in vitro or in vivo. 106 However, given the overlap of some mechanistic aspects of apoptosis with APAP-induced liver injury such as mitochondrial Bax translocation, cytochrome c release, and nuclear DNA fragmentation, there are certain conditions where secondary apoptotic cell death may develop. One example is when APAP-induced necrotic cell death is blocked by inhibition of the MPT, though the initial stress from reactive metabolite formation and protein binding is still present. In this scenario, some cells, especially in culture, can die by apoptosis at a later stage. 82 Nevertheless, more recently several articles are being published that make claims of apoptosis in APAP hepatotoxicity and suggest that phytochemicals may protect due to antiapoptotic mechanisms. 107, 108 However, as reviewed recently in detail, most of these studies base their conclusions on measurements of parameters that are not specific for apoptosis (e.g., TUNEL assay, as well as mRNA or protein levels of Bax, Bcl-2, and procaspases in the liver), rather than determination of their function (e.g., mitochondrial translocation of Bax or caspase-3 enzyme activities). 106 Thus, the claims of a relevant contribution of apoptosis are not supported by the experimental data.
More recently, necroptosis, another mode of cell death was discovered. Necroptosis occurs in cells when TNF-α binds to the TNF receptor in the presence of a pancaspase inhibitor. 109 Under these conditions, the receptor-interacting protein kinase 1 (RIPK1) binds to RIPK3 and forms together with FADD the necrosome. 110 RIPK3 oligomerizes and activates the pseudokinase mixed lineage kinase domain-like pseudokinase (MLKL). 111 The phosphorylated form of MLKL translocates to the cell membrane and causes its permeabilization, which leads to cell death. 112 Early experiments using the RIPK1 inhibitor necrostatin demonstrated a protective effect against APAP hepatotoxicity resulting in the conclusion that the mode of cell death is necroptosis. 100 Further studies showed induction of hepatic RIPK3 expression after an APAP overdose; animals with RIPK3 gene knockdown and RIPK3-deficient mice were partially protected. 113, 114 In addition, a RIPK3 inhibitor attenuated APAP-induced cell death in a human hepatocyte cell line. 115 The importance of RIPK1 in APAP toxicity was confirmed by gene knockdown experiments 116 but also questioned by experiments with hepatocyte-specific RIPK1-deficient mice. 117 Likewise, the data with RIPK3deficient mice were not confirmed. 116 In addition, MLKLdeficient mice were not protected against APAP toxicity. 116 Together, these data do not support the hypothesis that APAP-induced cell death is caused by necroptosis. More experiments are needed to better understand the role of RIP kinases in APAP hepatotoxicity including the mechanism of activation and their downstream targets. details of the mechanisms of APAP-induced cell death. Most frequently used models are mice in vivo and mouse hepatocytes. 118 Almost all of the previously discussed mechanisms were investigated with mouse models, where the animals are typically fasted before treatment with APAP. This negates the effects of diurnal variations in Cyp2e1 and hepatic glutathione and results in more uniform toxicity in all treated mice. Rats and rat hepatocytes are in general considerably less sensitive to APAP toxicity despite extensive GSH depletion and even protein adduct formation in mitochondria. [119] [120] [121] However, mitochondrial protein adducts were significantly lower in rats when compared with mice and hence they also had less oxidative stress as well as no detectable activation and mitochondrial translocation of JNK, 119 which would explain the resistance to toxicity. Hence, the modest injury even after an excessive overdose and the limited mitochondrial dysfunction and oxidant stress suggests that the rat model is of limited relevance for the human disease. 119 Other frequently used systems are hepatoma cells (e.g., HepG2 cells). However, these cells lack relevant phase I drug metabolizing enzymes 122 and thus the capacity for reactive metabolite and protein adduct formation, which is the initiating event of the toxicity. As a consequence, all signaling mechanisms in these cells and the endpoint of toxicity (i.e., apoptosis) have to be considered with caution despite the fact that these are human cells. 106 The only exception is HepaRG cells, which are metabolically competent and have a gene expression profile closer to primary hepatocytes. 123 APAP treatment of these cells results in formation of reactive metabolites and causes GSH depletion, oxidant stress, mitochondrial dysfunction, and necrotic cell death with a time course similar to human APAP overdose patients. 124 The fundamental advantage of these cells is that they are readily available and frozen differentiated cells can be ready within a week. The disadvantages include costs of the cells and that they are a mixture of hepatocytes and biliary epithelial cells derived from a single donor. On the other hand, the ultimately most relevant cell model is primary human hepatocytes. These cells reproduced most aspects of the cell death signaling pathways observed in mouse hepatocytes including the rapid GSH depletion, mitochondrial protein adducts formation, JNK activation and P-JNK translocation to the mitochondria, mitochondrial dysfunction, and cell necrosis. 125 However, all events are delayed in human hepatocytes resulting in peak necrosis at 48 hours as compared with 12 hours in mouse hepatocytes but very similar to the time course of the liver injury observed in human APAP overdose patients. 1, 126 These findings indicate that mice in vivo and cultured mouse hepatocytes are the best experimental systems for modeling the human pathophysiology. Caveats to consider when using mice are the different susceptibilities of various mouse strains 127 including substrains 128 to an APAP overdose. This is a particular issue for selecting the appropriate wild-type animals when using genedeficient mice. In addition, there is a pronounced gender difference in the response to a toxic dose of APAP between male and female mice, which appears to be linked to the recovery of hepatic GSH levels. 129, 130 Biomarkers Despite the similarities in signaling mechanisms between mouse and human hepatocytes, it is still important to verify these mechanisms in humans. Because of the bleeding risk of ALF patients, biopsy material taken close to the period of actual liver injury is rarely available. Therefore, plasma biomarkers ("liquid biopsy") are the preferred approach to understand the in vivo mechanisms of injury in patients. Two types of biomarkers are being applied: mechanistic and predictive biomarkers. Important mechanistic biomarkers for APAP toxicity are protein adducts in plasma, 131 which confirmed the formation of the reactive metabolite in humans. Because of the much longer plasma half-life of the adducts compared with APAP, adduct levels can be used to identify if the patient took an APAP overdose as the cause of liver injury even if the patient presents to the emergency department more than 24 hours after taking the drug. 132 Currently, a point-of-care assay for protein adducts is being developed to assist ER physicians in the diagnosis of APAP poisoning. 133 Additional mechanistic biomarkers that have been used to assess mitochondrial damage in patients include plasma levels of mitochondrial DNA (mtDNA), the mitochondrial matrix protein glutamate dehydrogenase (GLDH), and nuclear DNA fragments, which are indirect markers for mitochondrial dysfunction. 126 All three biomarkers show a close correlation with ALT/AST release in APAP overdose patients and in mice. However, mtDNA and nDNA fragments are cleared faster than the enzymes. 126 Importantly, in a murine model of furosemide toxicity, which includes hepatocellular necrosis without prominent mitochondrial damage, 134 only plasma ALT levels increased substantially but not mtDNA or GLDH levels. 126 These observations suggest that mtDNA, GLDH, and nDNA fragments are not just necrosis markers but indicate mitochondrial damage during APAP overdose, 126 a mechanism that is consistent with the findings obtained in the mouse model. 135 Previous studies have shown that plasma ALT and AST levels do not predict the clinical outcome of survival and recovery or ALF and death after APAP overdose in patients. 136 In contrast, in a larger cohort of patients with APAP-induced liver injury, all three mechanistic biomarkers of mitochondrial injury showed a positive correlation with a negative outcome similar to those with the Model for End-Stage Liver Disease (MELD) score. 137 Another mitochondrial injury marker is the mitochondrial matrix protein carbamoyl phosphate synthetase-1, which was detectable in serum of both mice and humans after APAP overdose. 138 Other markers of mitochondrial dysfunction, even in the absence of cell death, are acyl-carnitines. Long chain fatty acids are transported into mitochondria for degradation through the carnitine shuttle and mitochondrial damage and dysfunction after APAP overdose in mice results in the accumulation of long chain acyl-carnitines in plasma. 139, 140 However, NAC treatment, which can support mitochondrial bioenergetics by converting NAC into Krebs cycle intermediates, 141 suppresses the increase in acyl-carnitine levels during APAP hepatotoxicity and this is the likely reason for the much lower levels of these biomarkers observed in patients than in Acetaminophen-Induced Liver Injury Ramachandran, Jaeschke 227
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mice. 140 Elevated acyl-carnitine levels are only detectable in patients before NAC treatment. 142 Mechanistic biomarkers for the mode of cell death include full length cytokeratin-18 (CK-18), micro-RNA-122 (miR-122), and high mobility group box-1 (HMGB1) protein, which all reflect mainly necrotic liver injury. All of these biomarkers increase dramatically in plasma after APAP overdose in mice and humans with a similar time course as ALT activities suggesting extensive necrotic cell death. 136, [143] [144] [145] In contrast, biomarkers for apoptosis such as the caspase-cleaved CK-18 levels 136 or caspase-3 activities in plasma 126 show very limited evidence for apoptotic cell death in patients, which correlates well with observations in mice 103 and in human hepatocytes. 125 The initiation of regeneration after severe APAP-induced liver injury is a key mechanism that determines whether the injury is repaired and the patient survives or goes into ALF and potentially dies. 146 Serum α-fetoprotein (AFP), which is a marker of hepatocyte proliferation, is elevated during recovery and even predicts survival. 147 Another potential serum regeneration marker is leukocyte cell-derived chemotaxin 2 (LECT2). Serum levels of LECT2 increase early during regeneration after partial hepatectomy in mice. 148 In addition, LECT2 levels inversely correlated with serum ALT activities during ALF 149 and preliminary data in APAP patients indicate that survivors had lower plasma levels of LECT2. 150 However, a recent DILI study did not show consistent changes in LECT2. 151 Thus, many of these regeneration markers need to be further evaluated before they can be used to reliably predict recovery after APAP overdose.
Predictive Biomarkers
Most of the discussed mechanistic biomarkers including mtDNA, GLDH, HMGB1, CK-18, and others were also used to predict outcome. [136] [137] [138] Peak levels of all these biomarkers are useful and predict negative outcome better than peak ALT activities. However, the predictive capacity for these parameters applies only to the comparison of larger patient cohorts; the absolute values of any of these biomarkers in individual patients do not allow predicting the outcome due to the substantial overlap in the levels of these biomarkers. In addition, these parameters are time consuming to measure, which means that the information from these biomarkers will not be available in time to impact clinical decisions. Nevertheless, more work needs to be done to identify new and more specific biomarkers and improve the time of analysis.
Another way these biomarkers can be used is to predict the extent of the injury early after APAP overdose. Because of the delayed injury process in humans compared with mice, patients who present early to the emergency department may not show increased plasma ALT activities or INR values. In these cases, measurement of CK-18 or miR-122 indicated that these parameters are more sensitive than ALT/AST activities and can predict liver injury in these patients. 152 In fact, a larger patient study provided strong evidence that elevations in plasma CK-18, miR-122, and HMGB1 identified later APAP hepatotoxicity on early admission of patients to the emergency department when plasma ALT activities were in the normal range. 153 Although these biomarkers have the potential to improve clinical decision making, the caveat that currently prevents the use of these biomarkers is the time it takes to measure these parameters.
Profiles of micro-RNA levels in plasma have been evaluated during APAP hepatotoxicity especially in adults and in children. [154] [155] [156] Although a large number of various micro-RNAs were shown to be elevated during APAP-induced liver injury compared with patients with no injury, whether these changes are specific for APAP toxicity or reflect a general response to liver injury remains to be investigated. In one study, patients with liver injury by APAP showed significant differences in some micro-RNA levels compared with similar liver injury caused by hypoxic hepatitis. 154 This may be important as it is difficult to properly diagnose these patients due to their similarity in clinical presentation. In addition, some of the other biomarkers of mitochondrial damage (mtDNA, GLDH, nuclear DNA fragments) or necrotic cell death (CK-18, HMGB1, miR-122, ALT) showed no differences between these patient groups. 157 Thus, micro-RNA profiles or individual micro-RNAs have the potential to improve diagnosis of APAP-induced liver injury and predict outcome if a point-of-care assay can be developed.
Role of Sterile Inflammation in APAP Hepatotoxicity
Due to the extensive necrotic cell death, APAP hepatotoxicity is characterized by a prototypical sterile inflammatory response. These mechanisms have been reviewed recently. [158] [159] [160] Briefly, APAP-induced necrosis causes the release of damage-associated molecular patterns (DAMPs) including mtDNA, nuclear DNA fragments, HMGB1, ATP, and many others. DAMPs bind to pattern recognition receptors such as toll-like receptors (TLRs) on innate immune cells and cause the transcriptional activation of cytokines and chemokines. In addition, engagement of purinergic receptors with ATP will trigger the activation of the inflammasome and consequently caspase-1, which facilitates the processing of pro-IL-1β or pro-IL-18 into the active cytokine. The inflammatory mediators are mainly responsible for the activation and recruitment of neutrophils and monocyte-derived macrophages into the liver. Although there is little disagreement regarding the mechanisms of cytokine and chemokine formation and inflammatory cell recruitment in response to APAP-induced necrosis, the controversial question is whether these inflammatory cells aggravate the injury or are recruited to facilitate clean-up and regeneration. 159 The default assumption of most studies investigating inflammatory injury mechanisms is that neutrophils and/ or monocyte-derived macrophages aggravate the initial injury. Although both neutrophils and monocytes are recruited into the liver during APAP toxicity in both mice 161, 162 and in humans, 163, 164 extensive studies have shown that the injury mechanisms of these phagocytes critically depend on ROS in various models. 165, 166 However, mice deficient in NADPH oxidase activity 163, 167 or mice treated with effective inhibitors of this enzyme 168 do not show a reduced oxidant stress or any protection against APAP toxicity. Likewise, animals deficient of CD18 or ICAM-1, 168,169 critical adhesion molecules for neutrophil recruitment and their adhesion-dependent oxidant stress, are not protected, nor are animals treated with antibodies against CD18. 161 These data strongly argue against a neutrophilmediated injury. Furthermore, mice deficient in monocyte chemoattractant protein 1 (MCP1) or its receptor CCR2 are not protected, suggesting no active involvement of monocyte-derived macrophages in APAP-induced injury. 162, 170, 171 Some studies appear to contradict these findings, 172-174 but it is not always clear why opposite results are obtained with the same animals. 172 However, the protection in mice treated with a neutropenia-inducing antibody 24 hours before APAP is caused by a preconditioning effect 159, 160 rather than the lack of neutrophils, as the same antibody is ineffective when given shortly after APAP. 168 Thus, the evidence for a direct effect of neutrophils or macrophages in aggravating APAP hepatotoxicity is limited and many experiments argue against it. In contrast, these phagocytes are critical for the recovery. 162, 170, 171 Importantly, clinical studies also seem to support the hypothesis that both neutrophils 163 and monocyte-derived macrophages 164 are pro-regenerative. However, since an increasing number of studies find a role of various cytokines in the pathophysiology of APAP-induced liver injury, 175 alternative explanations to the cytotoxicity of innate immune cells need to be considered. An example is the role of IL-10, which has been shown to limit iNOS induction and therefore the cytotoxicity of peroxynitrite in APAP hepatotoxicity. 176 In addition, IL-4 protects because it enhances hepatic GSH synthesis. 177 Connecting the inflammatory mediators with intracellular mechanisms of injury or regeneration is an area that needs further investigations.
Novel Therapeutic Approaches against APAP Hepatotoxicity
With the increased understanding of the pathophysiology of APAP hepatotoxicity in animal models and in humans, many promising therapeutic targets have been identified. One of the most solidly verified molecular target involved in the toxicity is a mitochondrial oxidant and nitrosative stress. 178 Mitochondria-targeted SOD mimetics are highly effective in preventing APAP hepatotoxicity in mice 37 and this provides the rationale for the current clinical studies with a mitochondria-targeted SOD mimetic as a potential new antidote for APAP-induced liver injury and ALF. 179 However, the relatively limited number of patients affected by APAP hepatotoxicity makes it difficult to recover the high costs of de novo drug development. Therefore, as in the case of NAC, repurposing of already FDA-approved drugs may be more realistic. Recently, 4methylpyrazole (Fomepizole), an antidote against methanol poisoning, has been shown to be highly effective against APAP-induced liver injury by inhibiting P450 enzyme when given early in mice and human hepato-cytes 180 or by inhibiting of JNK activation when administered after the drug metabolism phase. 181 In addition, metformin, a first-line drug to treat type 2 diabetes mellitus, substantially attenuated APAP hepatotoxicity 57,182 mainly by inhibiting complex I-mediated superoxide formation. 57 A caveat for any new drug is that it has to be beneficial in the presence of NAC, the current standard of care.
Conclusion
Acetaminophen is not only the most consumed pain medication but also the most studied and clinically most relevant hepatotoxic drug in the United States and many western countries. Mechanistic investigations have demonstrated the importance of the drug metabolism and many intracellular signaling mechanisms with a special focus on mitochondria, in the toxicity. The extensive necrosis is responsible for a sterile inflammatory response, which is critical for recovery but has also the potential to aggravate the injury. This is a controversial area. However, a better understanding of these inflammatory mechanisms holds the promise for discovering new therapeutic targets, especially for the transition from the injury to the regeneration phase.
